Nutrition is a relevant issue for winegrowers because it influences grapevine growth, berry composition, as well as must and wine quality. In this research, the following impacts on the nutritional status of cv. Tempranillo grapevines were evaluated: simulated 2100 expected CO 2 , temperature (T) and relative humidity (RH) conditions (FCC; 700 µmol CO 2 /mol air, 28/18°C day/night and 33/53% RH, day/night) vs. current CO 2 , T and RH conditions (Curr; 390 µmol CO 2 /mol air, 24/14°C and 45/65% RH); well-watered (WW) vs. future expected water deficit (WD); and three texturally different soils with different clay contents (41, 19 and 8%). FCC resulted in reduced concentrations in leaf blades of N and Ca at veraison and N and Zn at full maturity. WD resulted in higher leaf blade Na and Mn concentrations at veraison and maturity, respectively compared to WW. However, K concentrations in the leaves and must were higher for WW than WD. Higher concentrations of Ca and Mn were found in leaf blades of grapevines sampled at full maturity from more clayey soils. Even when nutrient inputs exceeded plant extractions, high soil clay content increased the K concentration in must and consequently, could affect wine quality in terms of acidity loss. However, future expected water stress will have the opposite effect, reducing the berry K uptake under high soil clay (41%) conditions.
Introduction
Nutrition is an important issue for wine grape growers since it impacts grapevine growth, fruit set, crop yield, berry composition and ultimately the quality of the must and wine. Grapevine nutrient needs are moderate, but unbalanced fertilization may lead to both undesired effects on wine quality, including a lack of acidity in wines made from grapes with an excessive potassium (K) supply, and to environmental impacts as a consequence of groundwater nitrate contamination (Romero et al., 2010) . Increasingly, consumers and legislators are demanding sustainable production practices with concomitant reduction in vineyard inputs and environmental impacts, putting pressure on winegrowers to better manage fertilizers. Plant analysis is a reliable method to assess grapevine nutritional status.
Therefore, fertilizer recommendation programmes are very useful for fruit tree and vineyard management.
However, there is still discussion about the most suitable sampling dates and the appropriate tissues to analyse . Despite the obvious influence of soil fertilization on plant growth and yield, knowledge and understanding about nutrient availability, the actual uptake of different fertilizers and how they are affecting grapevine physiology and productivity is surprisingly poor (Brataševec et al., 2013) . Monitored data and model simulations indicate that climatic conditions are changing, resulting in increased atmospheric CO 2 concentrations, higher temperatures and rates of evaporation, changes in precipitation patterns, with greater seasonal variability, and more frequent extreme weather events (IPCC, 2013) .
Thus, the impacts of global warming at regional scales are raising many questions for wine producers.
Regarding grapevine nutrition, changes in temperature and evaporation are likely to affect the availability of soil water for grapevines, as well as the internal mechanisms of water movement through the grapevine, with consequences for nutrient uptake and mobilization (Proffitt and Campbell-Clause, 2012) . Martins et al. (2014) reported that the influence of enhanced atmospheric CO 2 concentrations on plant productivity and growth has often been explored in combination with alterations in photosynthesis, respiration and carbon use and allocation (Zhu et al., 2012) , whereas corresponding modifications in mineral composition (with the exception of nitrogen) have received much less attention (Thiec et al., 1995) . Heavier and more frequent rainfall events could increase the incidence of water logging, leaching and erosion, thereby causing unfavourable conditions for nutrient uptake, as well as a loss of nutrients from the soil (Proffitt and CampbellClause, 2012) . This, in turn, is likely to directly affect the ability of grapevines to extract nutrients from the soil and, therefore, to modify nutrient mobility within the grapevine (Proffitt and Campbell-Clause, 2012) .
Potassium is by far the major cation related to berry ripeness (Mpelasoka et al., 2003) , and its concentration in grapes is related to the must acidity. In a climate change scenario, this cation becomes very relevant since high temperatures could possibly increase K levels (Mira de Orduña, 2010) . Potassium is involved in a variety of physiological processes, including enzyme activation in photosynthesis and respiration and the maintenance of cellular osmotic potential in plants (Salisbury and Ross, 1992) . Potassium is mobile within the grapevine, and due to the relatively high requirements in vineyards, it is often applied as a fertilizer (Mosse et al., 2013) . High K additions may negatively impact overall grapevine health and wine quality (Mpelasoka et al., 2003) . Mainly because K is predominantly implicated in the neutralization of tartaric and malic acids in the berries, thereby affecting the acid characteristics of the grapes (Esteban et al., 1999) , thus increasing the expected negative effect Grapevine nutritional status and K concentration of must under future of the lack of wine acidity caused by climatic change (Leibar et al., 2016) . Application of K to grapevines has also been found to influence anthocyanin levels and colour intensity (Mosse et al., 2013) .
The characteristics of a particular soil have a large influence on the availability of water and the concentration of nutrients stored within it and, in turn, on the availability of nutrients for the grapevine. Grapevine development and yield are affected by soil water and nutrient storage and availability, and these latter, in turn, are influenced by soil depth and fertility, soil physical texture and structure, and soil chemistry, biology and organic matter content (van Leeuwen et al., 2004) . Among all of the factors affecting soil nutrition, storage capacity and accessibility, soil texture, root depth and organic matter concentration deserve particular attention (Gonzalez-Dugo et al., 2010) . In this regard, soil texture is an important component because it determines the amount of water that a soil can hold when fully wet and the amount of water and nutrients potentially available for grapevine uptake. In fact, any deficiency or excess of water can play a determinant role in root function and tissue mineral concentrations, causing unbalanced grapevine growth and poor yield (Ghaffari and Ferchichi, 2011) . Ollat et al. (1998) . The composition of the nutrient solution was KNO 3 (2.5 mM), Leibar et al.
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CuSO 4 (0.5 µM), Na Fe(III)-EDTA (45 µM).
Experimental design
At fruit set, the plants were transferred to growth chamber-greenhouses (GCGs) and divided into 12
homogeneous groups of 8-11 plants that would result in the treatments described in the next paragraph.
These plants were selected to have similar intergroup variability in terms of grape bunch size, avoiding changes in berry quality due to sink strength. The transplant process was made with extreme care, and no significant amount of roots was lost.
Plants were subjected from fruit set to maturity ( For the RH, ENSEMBLES models (based on IPCC data), based on the Max Planck Institute model (MPI-ECHAM5; Roeckner et al., 2003) , state that the RH for the summer period will be 12% lower (change signal) at the end of the present century in the study area (i.e., in the grid or region of interest, "Denominación de Origen Calificada Rioja, DOCa Rioja").
Soils with a high red clay content are typical in DOCa
Rioja (Barrios, 1994) . To study the influence of three contrasting soil textures on grape yield and quality, a typical clay soil from La Rioja with high pH and low organic matter content was collected. It was mixed with sand to obtain three different soil textures: 41%
clay (soil), 19% clay (soil and sand 1:1, v/v) and 8%
clay (soil and sand 1:3, v/v) and put into 6 L plastic pots. Analysis by X-ray diffraction was carried out on the same soil type in the area where the sample was taken and showed that approximately 69% of the clay was illite, 10% chlorite, 12% kaolinite and 9% of one interlayer of vermiculite / smectite. The container capacity of each soil was measured as described by Leibar et al. (2015) . The properties of the different soil:sand mixtures are shown in Table 1 . The K soil content was slightly low according to the reference contents proposed by the regional extension service in the more clayey soil and was very low in the less clayey soils. The soil P content was low in the three soils, and the Mg soil content was low for sandy soils and high for the more clayey ones (Table 1) . 
Statistical analysis
Statistical analysis was carried out with R software (R Development Core Team, Vienna, Austria). Leibar et al.
The data were analysed with a 3-way analysis of variance to investigate the effects of glasshouse condition, soil texture, water availability and their interactions.
The results were considered statistically significant at p < 0.05. The Tukey HSD test was used as a post hoc technique when the effects of treatments were statistically significant. When there was any interaction between factors, further analysis of variance was required, separating factors into levels. Data are presented as the means ± standard error (SE).
Results
The FCC leaf blades tended to have lower nutrient concentration than those of Curr, although significant differences were only observed for N and Ca at veraison veraison (Table 2) and N and Zn at full maturity (Table   3 ). WD leaf blades had generally higher concentrations of most of the nutrients compared to those of WW, even though significant differences were only found for Na at veraison (Table 2 ) and Mn at full maturity (Table 3) . However, the K concentration was 14.29%
higher in leaf blades at full maturity in the WW than WD treatments (Tables 3) . Soil texture did not affect plant nutrition at veraison ( Regarding the K concentration of must, there was no significant difference between FCC and Curr (Table   4 ). The K concentration was 6.19% higher for must from the WW than the WD treatments (Table 4) . Berries from plants grown under the more clayey soils had 7.56% and 3.89% higher K concentration in the must than berries from plants grown under the other soil textures (Table 4) . Furthermore, no significant differences in the leaf dry weight or in the dry weight of other organs (shoots and roots) were observed in plants grown under different GC and soil textures (Table 5) . However, wellwatered plants had 69.55% higher leaf dry weights and 20.67% higher total dry weights than plants subjected to water stress (Table 5) . (Leibar et al., 2015) . Greater leaf biomasses usually resulted in a dilution of nutrients and, therefore, lower nutrient concentrations (Ata-Ul- et al., 2014) . In our case, this effect could be discarded since there were no differences in biomass in the FCC plants. Martins et al. (2014) found that leaf mineral nutrient concentrations are frequently observed to decline in the biomass in response to exposure to enhanced atmospheric CO 2 concentrations.
Karim
This has been largely attributed to higher growth rates but also to increased amounts of non-structural carbohydrates (mainly starch) or to lower leaf transpiration rates (Thiec et al., 1995) . As reported by Leibar et al. (2015) , at veraison there were no differences in stomatal conductance, but at maturity, water- ). Among well-watered plants, there were no differences between FCC and Curr in leaf transpiration (Leibar et al., 2015) . Therefore, the lower Ca and Zn In this regard, Esteban et al. (1999) reported that the absorption of K may be limited in dry soils. Klein et al. (2000) reported an increase of K in leaf blades under irrigation, which indicates a general increase in grapevine K status. Therefore, an increase in the root uptake of K under irrigated conditions may account for elevated grapevine and berry K accumulation (Mpelasoka et al., 2003) , which was observed in this experiment. Irrigation enhances the dissolution of K from clay particles and its movement in the soil solution, which facilitates its supply to roots and a higher plant uptake (Klein et al., 2000) . In addition, Rühl et al. (1992) stated that a water deficit might reduce mineral absorption because of lower root activity and root growth, as Leibar et al. (2016) observed for root growth in this experiment. et al. (2003) . Even if the three soils received the same high K input (206.94 g), and this amount was much higher than total K leaf biomass + must extraction (0.12 + 0.56 g), the higher exchangeable K content, higher CEC and the predominance of 2:1 clay minerals as illites may explain the higher K concentration in the must. The ability to fix or release K from 2:1 clay minerals led to authors such as Barré et al. (2008) to postulate that they behave as a K reservoir in soils. Esteban et al. (1999) asserted that the K concentration in must mainly comes from root absorption, which is determined by the level of assimilable K in the soil. The capability of our soil to provide K was so high that the K concentration of the must was higher in plants grown in the clayey soil, even when the root system was less developed (Leibar et al., 2016) . A positive correlation has been found between the K concentration and pH of grape berry juice (Mpelasoka et al., 2003) , high pH adversely affecting the stability of the wine. It is well known how climate change (higher T and higher CO 2 concentration) will worsen must and wine acidity (Jones et al., 2005; Leibar et al., 2016) ; and soils with medium-high K content could contribute to this pH increase. Nevertheless, long-term field experiments under climate change conditions would be necessary to extract more definitive conclusions. The effects could be more or less pronounced when grapevines grow under these conditions for several years. As an example it is largely stated that plants acclimated its photosynthesis rate to high CO 2 atmospheric concentration as it was reported at this experiment (Leibar et al., 2015) .
Conclusions
The elevated CO 2 and temperature and reduced RH ex- Thus, special care should be taken with soils that have a great ability to supply K, because this property is difficult to change. This increased K concentration of Grapevine nutritional status and K concentration of must under future must could be a problem in terms of wine acidity loss, especially since one of the adverse effects of climate change (elevated CO 2 and T) will also be lower must acidity. However, it is worth mentioning that future expected reduced water availability would cause a decrease in the K concentration of must.
Abbreviations: T = temperature; RH = relative humidity; FCC= simulated year 2100 expected CO 2 , T and RH conditions; Curr = current CO 2 , T and RH conditions; WA = water availability; WW = well watered; WD = future expected water deficit; ST = soil texture; CEC -cation exchange capacity.
